As represented in Fig.1 , an indoor optical wireless communication (OWC) system that uses AWG-based PRAs consists of a central communication controller (CCC) that dynamically routes the data streams to and from multiple pencil-radiating antennas (PRAs) located in different rooms and connects with the fibre-based access network via a transparent optical cross-connect (OXC) switch 4 . The PRAs are fully passive and their signals are fed by the CCC. In particular, AWG-based PRAs are capable of 2D dimensional beam scanning by changing the operating wavelength. The N outputs of the AWG that each carry a separate particular wavelength are connected to the input ports of a 2D m X n fibre array and a lens placed in front of it, and provide an array of spots in the image plane of the lens on the user location. Note that when the laser is tuned across the full wavelength range of the AWG channels, each time a wavelength falls in an AWG passband, the beam is steered to the corresponding spot in the image plane of the lens. This implies, the larger the number of ports in the AWG, the larger the covering area can be. Design criteria of the fibre array and parameters of the lens can 978-1-5386-5624-2/17/$31.00 ©2017 IEEE be determined using geometrical optics 5 . The return path for each user is established by 60 GHz radio-over-fibre techniques (not shown in Fig. 1 and not discussed in this paper) and also serves for user localization and tracking 6 .
Enabling high-data capacity transmission in AWG-based OWC systems; principle of operation High-data capacity transmission in AWG-based OWC systems is based on the diagram shown in Fig. 2 . A digital-to-analog (DAC) converter provides the data signal in the electrical domain that modulates the optical wavelength provided by the CCC into the AWG-based PRA, which expands and directs the beam to where the optical receiver, representing the user, is placed at a distance d from the transmitter. Since the PRA is composed of a bandwidth-limited AWG and dispersive optics, some constraints to increase data capacity are imposed. Moreover, electrical connections from the DAC, RF amplifiers, electrical cables and the frequency response of the intensity-modulator, also introduce bandwidth limitations on the data rate that can be conveyed onto the optical signal. In order to mitigate for these effects, DSP is extremely useful. It can compensate for attenuation at high frequencies and for distortions in the frequency response of RF components. It can adapt the data waveform to better fit in the available bandwidth in the transmitter and it is possible to generate highorder modulation formats so more bits/s/Hz can be sent. As for the receiver side, the received optical power is somewhat reduced due to multiple focal points caused by optical aberrations in the expanded beam resulting from the imaging optics, when trying to couple light into the receiver. Although larger core fibres (500μm) could be used, extra losses arise due to tapering into the receiver. An optical component enabling not only the reception of high data capacity transmission because it provides optical gain, but also because of its capability for photonic integration with a PIN-TIA device and low power consumption is the linear SOA 7 .
Experimental validation of high-data capacity transmission
The AWG-based PRA has a bandwidth of 0.31nm (38.68 GHz) with channel wavelengths ranging from 1529.10nm to 1569.80nm. The N outputs of the AWG are connected to a 9 X 9 2D fibre array with 1.3mm pitch. 42-and 56-Gbaud PAM-4 signals were digitally generated with raised cosine waveforms and rolloff of 0.2 using 19 taps. A 9-tap pre-compensation filter was used to mitigate the effects of limited bandwidth caused by transmitter components such as the AWG bandwidth, intensity modulator response and electrical connections in-between. The waveform was uploaded to a Keysight M8196A arbitrary-waveform generator operating at 84 GS/s and amplified before being applied to a single-drive 40 GHz bandwidth Mach-Zehnder intensity-modulator. The modulated optical beam from the central output port of the fibre array (port no. 44), corresponding to 1545.519nm, was amplified by an EDFA prior to being launched into free-space and propagated into a condenser lens of 40cm focal length and 20cm diameter. The measured optical power into free-space was limited to +10dBm; respecting the eye-safety limits. The optical receiver was placed at the centre of the expanded beam (around 8.5 cm diameter) at a distance of 3.4m. The received optical power was coupled into a 10μm core optical fibre via a telescopic lens with 6cm aperture for beam narrowing, followed by a 3mm aperture lens and a high-precision coupling stage. Due to optical aberrations introduced in the expanded beam, the maximum optical power that was possible at the optical receiver, due to multiple focal points, was -9.5dBm; not enough for performance evaluation for the targeted 112Gbit/s signal. In order to enable the receiver to operate at such a high bit-rate, we implemented a pre-amplified direct-detection scheme, which can be photonic integrated, using a linear semiconductor amplifier (SOA) followed by a 70 GHz PIN and a 35 GHz RF amplifier. The linear SOA drive current was set to 90 mA, providing 10 dB gain to the received signal. The detected data signals were digitized by a 80 GS/s Keysight MSOV334A oscilloscope and DSP was performed offline on the 2.2 million bits captures. For instance, resampling, clockrecovery, 21-tap feed-forward equalization and error counting were applied. Fig. 3 shows the optical spectra corresponding to both signals at the receiver side before being amplified by the linear SOA. Bit-error-rate performances for two different capacity PAM-4 signals transmitted via the AWG-based PRA are shown in Fig.4 : 56 Gbaud PAM-4 corresponding to 112 Gbit/s (100Gbit/s net after HD-FEC 12% overhead) and 42 Gbaud PAM-4 corresponding to 84 Gbit/s. As for the 42 Gbaud PAM-4 signal, performances below HD-FEC were achieved with a received power of -7.5 dBm. For this power, the BER was 1.73E-03. It can be observed that as the received optical power increases, error rates diminish. As for the 56 Gbaud PAM-4 signal, the performance below HD-FEC (3.8E-03) was achieved at -4.5dBm; namely 3 dB more power was required with respect to the 42 Gbaud PAM-4 signal. Nevertheless, an error floor is observed. The penalty and error floor arise mainly due to bandwidth limitations intrinsic to the AWG and to noise introduced by the SOA. The use of a linear SOA in the optical receiver is justified on one hand, because it can be photonic integrated along with a PIN-TIA device rendering the optical receiver compact. Approaches using InP membranes to improve IR light collection have been recently demonstrated 8 . On the other hand, the linear SOA provides enough gain with highly reduced patterning effects. This can be seen in the inset of Fig.4 where the sampled eye diagrams for 0 dBm optical power in the receiver is shown. The PAM-4 levels of the signals are clear and well recognized.
Conclusions 112 Gbit/s and 84 Gbit/s data transmission were possible in a 0.31nm bandwidth AWG-based OWC system by applying appropriate and minimal DSP complexity in the transmitted and received data signals, and by using a preamplified scheme based on a linear semiconductor optical amplifier (SOA) in the optical receiver. Photonic integration of SOA with PIN+TIA devices will provide a compact solution to enable high-data rates for OWC systems. With these improvements, BER performances below HD-FEC were achieved for both demonstrated data rates. 
